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Lund, 6 February 2018 
 
 
Dear Editor, 
 
Submission of our revised original research paper to your Journal of 
Environmental Management 
 
We would like to submit our revised paper entitled “Enhanced nitrate-nitrogen 
removal by modified attapulgite-supported nanoscale zero-valent iron treating 
simulated groundwater” to your Journal of Environmental Management. This paper 
consists of original and unpublished work, which is not under consideration for 
publication elsewhere. The article is also not a resubmission. All reviewer comments 
have been addressed and the length of the paper has been reduced by five figures. 
 
We have prepared the manuscript in compliance with the guide for authors including 
length (about 5428 words) and the Ethics in Publishing Policy. Keywords are 
provided and references are in correct format. The article parts are in correct order. 
 
The focus of our article is on attapulgite (or palygorskite), which is a magnesium 
aluminium phyllosilicate. Modified attapulgite-supported nanoscale zero-valent iron 
was created by a liquid-phase reduction method and then applied for nitrate-nitrogen 
removal in simulated groundwater. Nanoscale zero-valent iron was sufficiently 
dispersed on the surface of thermally modified attapulgite. Aggregation was not 
noticed by scanning electron microscopy. 
 
The nitrate-nitrogen removal efficiency reached up to approximately 83.8% with an 
initial pH values of 7.0. The corresponding thermally modified attapulgite-supported 
nanoscale zero-valent iron (TATP-NZVI) and nitrate-nitrogen concentrations were 2.0 
g/L and 20 mg/L respectively. Moreover, 72.1% of the water column NO3-N was 
converted to ammonium-nitrogen within 6 h. The influence of environmental 
boundary conditions including dissolved oxygen concentration, light illumination and 
water temperature on nitrate-nitrogen removal was also investigated with batch 
experiments. 
 
Our findings indicate that the dissolved oxygen concentration greatly impacted on 
nitrate-nitrogen removal in the TATP-NZVI-contained solution, and the nitrate-
nitrogen removal efficiencies were 58.5% and 83.3% with the corresponding 
dissolved oxygen concentrations of 9.0 and 0.3 mg/L after 6 h of treatment, 
respectively. Compared to dissolved oxygen concentrations, no significant (p>0.05) 
effect of light illumination on nitrate-nitrogen removal and nitrate-nitrogen generation 
was detected. The water temperature also has great importance concerning nitrate-
nitogen reduction, and the removal efficiency of nitrate-nitrogen at 25°C was 1.25 
times than that at 15°C. 
Cover Letter
 For groundwater, therefore, environmental factors such as water temperature, 
anaerobic conditions and darkness could influence the nitrate-nitrogen removal 
efficiency when TATP-NZVI is present. This study also demonstrated that TATP-
NZVI has the potential to be developed as a suitable material for direct remediation of 
nitrate-nitrogen -contaminated groundwater. 
 
We look forward to receiving feedback from the reviewers. 
 
 
Yours sinerely, 
 
Prof. Miklas Scholz 
(Corresponding author) 
Manuscript Reference Number: JEMA-D-17-05046 
 
Article Title: Enhanced nitrate-nitrogen removal by modified attapulgite-supported nanoscale 
zero-valent iron treating simulated groundwater 
 
Journal Title: Journal of Environmental Management 
 
 
Reply Letter 
 
Please note that all text revisions have been highlighted in red. 
 
 
To Editor: 
 
To “Due to space limitations in the printed journal, we are requesting that all authors reduce the 
length of their papers by at least 10% if possible. If your paper includes large tables or datasets, it 
is preferred that these be published as supplementary material in Science Direct rather than in 
print. […] Elsevier now accepts electronic supplementary material to support and enhance your 
scientific research. Supplementary files offer the author additional possibilities to publish 
supporting applications, movies, animation sequences, high-resolution images, background 
datasets, sound clips and more. Supplementary files supplied will be published online alongside 
the electronic version of your article on Science Direct at http://www.sciencedirect.com. In order 
to ensure that your submitted material is directly usable, please ensure that data are provided in 
one of our recommended file formats. Authors should submit the material in electronic format 
together with the article and supply a concise and descriptive caption for each file. For more 
detailed instructions please visit our artwork instruction pages at the Elsevier Corporate Website 
at http://www.elsevier.com/artworkinstructions.” 
Reply: Figures 4 and 5 have been moved to the electronic supplementary material to reduce the 
length of the article. Furthermore, the figures for nitrogen species have been combined as 
suggested by reviewer #2 to save print space as well. It follows that the printed article has been 
reduced by five figures. 
 
 
To Reviewer #1: 
 
To “Figure 5: The labels of y and x axes should be revised as "Number of counts" and "Energy-
keV", respectively.” 
Reply: Figure 5 (Figure S2 in revised manuscript) has been revised as suggested. 
 
To “Figure 8: Write pH only. No need to "(-)".” 
Reply: Figure 8 (Figure 6 in the revised manuscript) has been revised as requested. 
 
 
To Reviewer #2: 
 
*Response to Reviewers
To “- Delete subsections in introduction part.” 
Reply: The sub-section headings have been deleted in the revised introduction (pages 3 to 5). 
 
To “- Combine the figures for nitrogen species: one figure with the evolution of nitrate, nitrite 
and ammonium. It will be better to understand for the readers.” 
Reply: The figures for nitrogen species have been combined as suggested. The previous Figures 
9 to 10 are the revised Figures 7a, 7b, 8a, 8b, 9a and 9b, respectively. 
 
To “- Some characterization figures can be given as supplementary material.” 
Reply: Figures 4 (Figure S1 in the revised manuscript) and Figure 5 (Figure S2 in the updated 
paper) have been moved to the electronic supplementary material. 
 
To “- English should be revised.” 
Reply: The English language has been revised by a native English academic throughout the 
paper. 
 Graphical Abstracts
 Thermal modification increases the specific surface area of purified attapulgite. 
 The NO3-N removal by TATP-NZVI reached up to 83.8% after 6 h of reaction. 
 Reduction was the main approach for NO3-N removal by TATP-NZVI. 
 Water temperature and DO concentration significantly impact on NO3-N removal. 
 Key removal technologies of NO3-N in groundwater with TATP-NZVI were 
highlighted. 
*Highlights (for review)
Click here to view linked References
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A B S T R A C T 
 
Attapulgite (or palygorskite) is a magnesium aluminium phyllosilicate. Modified attapulgite-supported 
nanoscale zero-valent iron (NZVI) was created by a liquid-phase reduction method and then applied for 
nitrate-nitrogen (NO3-N) removal (transformation) in simulated groundwater. Nanoscale zero-valent 
iron was sufficiently dispersed on the surface of thermally modified attapulgite. The NO3-N removal 
efficiency reached up to approximately 83.8% with an initial pH values of 7.0. The corresponding 
thermally modified attapulgite-supported nanoscale zero-valent iron (TATP-NZVI) and NO3-N 
concentrations were 2.0 g/L and 20 mg/L respectively. Moreover, 72.1% of the water column NO3-N 
was converted to ammonium-nitrogen (NH4-N) within 6 h. The influence of environmental boundary 
conditions including dissolved oxygen (DO) concentration, light illumination and water temperature on 
NO3-N removal was also investigated with batch experiments. The results indicated that the DO 
concentration greatly impacted on NO3-N removal in the TATP-NZVI-contained solution, and the 
NO3-N removal efficiencies were 58.5% and 83.3% with the corresponding DO concentrations of 9.0 
and 0.3 mg/L after 6 h of treatment, respectively. Compared to DO concentrations, no significant 
(p>0.05) effect of light illumination on NO3-N removal and NH4-N generation was detected. The water 
temperature also has great importance concerning NO3-N reduction, and the removal efficiency of 
NO3-N at 25°C was 1.25 times than that at 15°C. For groundwater, therefore, environmental factors 
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such as water temperature, anaerobic conditions and darkness could influence the NO3-N removal 
efficiency when TATP-NZVI is present. This study also demonstrated that TATP-NZVI has the 
potential to be developed as a suitable material for direct remediation of NO3-N-contaminated 
groundwater. 
 
Keywords: 
Environmental boundary conditions 
Groundwater quality control technology 
Nitrate-nitrogen transformation 
Palygorskite 
Pollution treatment 
Thermally modified attapulgite-supported nanoscale zero-valent iron 
 
 
1. Introduction 
 
Groundwater has always been one of the major drinking water resources. However, 
excessive application of nitrogen-based fertilisers as well as unreasonable disposal of 
sewage and industrial wastewater caused widespread NO3-N contamination of 
groundwater at varying degrees [1]. Long-term intake of overdosed NO3-N can cause 
hemosiderin deposition symptoms such as organ damages and even trigger cancer 
[2,3]. To protect human health, the maximum permissible limit of NO3-N in 
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groundwater is commonly set at around 10 mg/L by many environmental protection 
authorities. 
The effectiveness of traditional remediation methods of NO3-N contamination 
in groundwater are of increasing concern to many researchers [4]. However, 
nano-materials, own to their large surface area and small particle size, can be injected 
into the contaminated groundwater bodies for in situ remediation. Synthesizing 
nano-materials for removing NO3-N in groundwater has become a hot research topic 
[5–7]. Due to a large specific surface area and high reactivity, nanoscale zero-valent 
iron (NZVI) has become popular as a good electron-donating substance, which has 
already been preliminarily tested for removing NO3-N in groundwater [8]. However, 
shortcomings including NZVI to be prone to oxidisation by non-target chemicals, and 
particle aggregation limits the direct application of NZVI to remediate 
NO3-N-contaminated groundwater, and usually lead to a fast decline in catalytic 
activity. 
So far, efforts have been made to increase the stability and dispersion of NZVI 
particles. Zhang et al. [9] have used graphite-supported NZVI to remove NO3-N, and 
obtained an optimal mass ratio of NZVI to graphite of 15%. Shi et al. [10] synthesised 
bimetallic iron-palladium nanoparticles supported by chelating resin (DOW 3N), 
which was prepared by loading palladium firstly and then iron on DOW 3N, which 
exhibited remarkable nitrate removal (>95%) at near-neutral pH within a solution that 
was not buffered. Moreover, factors such as DO concentration, light illumination and 
water temperature may impact on the remediation of NO3-N- contaminated 
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 5 
groundwater, and their contributions to NO3-N removal have been considered 
elsewhere [11–13]. 
Attapulgite can be used to facilitate NO3-N removal by NZVI present within a 
water solution. The ideal formula of attapulgite is [Mg5][Si8O20](OH)2(OH2)4.4H2O. 
Attapulgite is crystalline hydrate magnesium silicate [14]. As a traditional low-cost 
efficient adsorbent, attapulgite has characteristics such as a highly porous structure, 
great surface area and reasonable cation exchange capacity, which can potentially be 
used for adsorption of ferrous oxide or ferric oxide, and further reduction by NZVI 
[15]. 
For attapulgite, its adsorption performance is positively related to a corresponding 
acid- or heat-activated specific surface area. Previous studies indicated that 
acid-modified attapulgite had a larger specific surface area than unmodified 
attapulgite [16]. Thermally modified attapulgite can increase the surface area as well 
as the adsorption performance [17]. Due to the unique structure and excellent 
adsorption properties, modified attapulgite could be used as an adsorbent to removal 
various pollutants such as methylene blue, pesticides and quinolone [18–20]. 
In this paper, attapulgite was used as a porous support material for synthesising 
TATP-NZVI by a liquid-phase reduction method. This study assesses the contribution 
of TATP-NZVI to NO3-N removal, and the catalytic as well as the aggregation 
performances of freshly synthesized TATP-NZVI particles. Moreover, impacts of 
environmental boundary conditions such as DO concentrations, light illuminations 
and water temperatures on NO3-N removal in simulated groundwater will also be 
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evaluated. The findings obtained in this study provide the theoretical foundation and 
technical support for remediating NO3-N-contaminated groundwater. 
 
 
2. Materials and methods 
 
2.1. Chemicals and reagents 
 
The researchers obtained attapulgite from Jiangsu Jiuchuan Nano-Material 
Technology Company (China Attapulgite Science and Technology Park, Xuyi, 
Jiangsu, China). Nitrate (guaranteed reagent, 99.9%) and sodium nitrite (guaranteed 
reagent, 99.9%) were obtained from J&K Scientific (Bei Chen West Road, 
Chaoyang District, Beijing, China). Potassium iodide (analytical purity, 99%), 
sodium tartrate (analytical purity, 99%), sulfamic (also known as amidosulfonic) 
acid (analytical purity, 99%) and sodium hexametaphosphate (analytical purity, 
99%) were purchased from Shanghai Aladdin Bio-Chem Technology Company 
(Shanda Building, Xinjinqiao Road, Pudong District, Shanghai, China). Iron (III) 
chloride hexahydrate (analytical purity, 99%), sodium borohydride (analytical 
purity, 99%), sodium hydroxide (analytical purity, 99%), ethyl alcohol (analytical 
purity, 99%), hydrochloric acid and phosphoric acid were bought from 
Sinopharm Chemical Reagent (Ningbo Road, Shanghai, China). Other reagents 
were purchased from Alfa Aesar (part of Thermo Fisher (Kandel), Karlsruhe, 
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Germany). All solutions were prepared using deionised water, which was boiled 
for 30 minutes and then purged with nitrogen for further 30 minutes to remove 
DO. 
 
2.2. Preparation of attapulgite 
2.2.1. Purified attapulgite 
Attapulgite was purified by ultra-sonication with sodium hexametaphosphate 
used as a dispersant [21]. Ten gram of attapulgite clay micro-powder was milled and 
passed through a 120 mesh screen (i.e. 120 pores per one squared inch). The obtained 
fine attapulgite particles were then dispersed into a flask with the assistance of high 
shearing forces and ultra-sonication. The flask contained 200 mL of distilled water 
and 3.2 g of sodium hexametaphosphate. Once a stable dispersion was reached, the 
residues at the bottom of the flask were removed, and the liquid containing suspended 
particles was then centrifuged at 5000 r/min for 10 min. After centrifugation, the 
solids were dried at 105℃ for 6 h, and passed through a 120-µm mesh screen to obtain 
purified attapulgite (ATP). 
 
2.2.2. Acid modified attapulgite 
Acid activation is an optimal modification method [22,23]. Five gram of ATP 
was fully mixed in 50 mL of hydrochloric acid solution with an initial concentration 
of 1 mol/L to remove the associated carbonates. After ultra-sonication, the liquid 
comprising suspended particles was centrifuged at 5000 r/min for 10 min to isolate 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
 8 
solids from the solution. The obtained solids were fully rinsed with deionised water to 
neutralise the pH, and then oven-dried at 105℃ for 6 h, and finally filtered through a 
120-µm mesh screen to obtain the acid modified attapulgite (AATP). 
 
2.2.3. Thermally modified attapulgite 
The temperature for thermally modified attapulgite (TATP) did not exceed 600℃, 
and the recommended calcination time was 3 h [24–26]. The ATP was calcined at 270℃ 
for 3 h. After cooling, TATP was dried at 105℃ to obtain solids, which were then 
grounded and passed through a 120 mesh screen for application later on. 
 
2.3. Preparation of TATP-NZVI and NZVI 
 
Thermally modified attapulgite-supported nanoscale zero-valent iron 
(TATP-NZVI) was synthesised by revising previous related procedures [27,28]. The 
preparation required TATP-NZVI with an iron to TATP mass ratio of 1:1. Under 
ambient conditions, 2 g TATP was firstly dispersed into 40 mL deoxygenated water, 
and then 10 mL absolute ethyl alcohol was added into the solution. The fully mixed 
solution was stirred at 150 rpm for 6 h at room temperature of 23±2℃. Thereafter, 
9.66 g FeCl3.6H2O was added for generation of TATP-NZVI. To reduce Fe
3+
 to 
Fe
0
, 100 mL of 1.6 M freshly prepared sodium borohydride was supplemented to the 
suspension under thorough agitation with the characteristic pathway described in 
equation (1). The pH was left unadjusted. 
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4Fe
3+
+3BH4
-
+9H2O→4Fe
0
+3H2BO3
-
+12H
+
+6H2                                                        (1) 
 
The solution became gradually black, while the mixture was agitated for 2 h. The 
solids were separated by vacuum filtration and then washed thoroughly initially with 
deoxygenated water and subsequently by absolute ethyl alcohol. TATP-NZVI was 
eventually dried for 24 h within a vacuum freeze-drying machine. 
Conventionally synthesised nanoscale zero-valent iron (NZVI) was prepared by 
ferric ion reduction; 100 mL of 1.6 M sodium borohydride solution was slowly added 
to 100 mL of 0.4 M FeCl3.6H2O solution at room temperature. The mixture was 
continuously stirred while being exposed to a stream of nitrogen. Newly obtained 
TATP-NZVI and NZVI were stored in a desiccator to purge nitrogen gas. 
 
2.4. Characterisation 
 
The particle size distributions of the different materials were analysed by a 
Mastersizer 3000 laser particle size analyser (Malvern Instruments Company, Enigma 
Business Park, Grovewood Road, Malvern, United Kingdom). X-ray diffraction 
(XRD) patterns were performed with D8 Advance (Bruker Scientific Technology 
Company, Tower C, Xi Xiao Kou Road, Haidian District, Beijing, China) using a Cu 
Ka radioactive source at 40 kV/40 mA. The corresponding data were collected 
between 10° and 70° at a scanning rate of 2°/min. 
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The morphological sample analysis was performed using the field emission 
scanning electron microscope SU8010 (Hitachi Company, Minamioi, Shinagawa-ku, 
Tokyo, Japan) and a corresponding energy dispersive X-ray analyser system. All 
samples were sputtered with gold. The specific surface areas were tested using a BET 
surface analyser with JW-BK100 (Beijing JWGB Science and Technology Company, 
Nan Binhe Road, Xicheng District, Beijing, China). 
 
2.5. Experimental Procedures 
 
In order to simulate the dark and anaerobic groundwater environment, reaction 
tubes were coated with aluminium foil, and DO was removed in the aqueous solution. 
 
2.5.1. Nitrate-nitrogen adsorption to attapulgite 
Batch experiments were conducted using 50-mL amber-coloured bottles at 15℃ 
under anoxic (DO of 0.30 mg/L) and light-excluded conditions. In this study, 50 mg 
ATP, AATP and TATP (270℃ for 3 h) were added, respectively, into 25 mL simulated 
groundwater samples with initial NO3-N concentrations of 20 mg/L. All bottles were 
placed into an oscillator at a constant temperature of 15℃ and continuously shaken at 
160 rpm. 
The supernatant was strained through a major facilitator superfamily (MFS) 
membrane with a size of 0.2 µm. The concentrations of NO3-N were determined by 
using an ultraviolet spectrophotometry [29]. All experiments were performed at least 
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in duplicates. The removal efficiency was calculated with equation (2). 
 
removal efficiency (%) = 
  -  
  
                (2) 
 
where C0 is the NO3-N initial concentration and Ct is the NO3-N concentration at time 
t. 
 
2.5.2 Nitrate-nitrogen removal by differently prepared materials 
Batch experiments were conducted using 50-mL amber-coloured bottles at 15℃ 
under anoxic (DO of 0.30 mg/L) and light-excluding conditions. In this study, 50 mg 
TATP (270℃ for 3 h), NZVI and TATP-NZVI were added, respectively, into 25-mL 
simulated groundwater samples with initial NO3-N concentrations of 20 mg/L. All 
bottles were placed in the oscillator and continuously shaken at 160 rpm. 
After shaking for 6 h, the supernatant was screened through a 0.2-µm pore size 
MFS membrane. The purpose was the removal of iron particles. The concentrations of 
NO3-N, nitrite-nitrogen (NO2-N) and NH4-N were then analysed using a UV-vis 
spectrophotometer. The concentrations of NO2-N were determined by using a 
spectrophotometric method [30] with a wavelength of 540 nm. The concentrations of 
NH4-N were obtained with a spectrophotometer [31] applying a wavelength of 420 
nm. At the same time, corresponding pH values were noted. All experiments were 
performed at least in duplicate. 
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2.5.3. Environmental factors impacting on nitrate-nitrogen removal 
Impacts of DO, light illumination and water temperature on the removal of 
NO3-N were examined. Exactly 50 mg TATP-NZVI was added to 25 mL of 20 mg/L 
NO3-N simulated groundwater samples, which had the following reaction conditions: 
0.3 mg/L and 9.0 mg/L of DO; light and dark conditions; 15℃ and 25℃ of water 
temperature. All bottles were placed in an oscillator and continuously shaken at 160 
rpm. The pH was not adjusted during the whole experimental period. 
The supernatant was filtered through a MFS membrane (0.2 µm of pore size) to 
remove iron particles from the solution. The concentrations of NO3-N, NO2-N and 
NH4-N were then analysed using a UV-vis spectrophotometer. All experiments were 
performed at least in duplicate. 
 
 
3. Results and Discussion 
 
3.1. Analysis of key characteristics 
 
As showed in Table 1 and Fig. 1, the particle size range of ATP was between 1 
and 100 μm, which was similar for AATP and TATP. The corresponding median 
particle size of ATP was 22.4 μm. The associated specific surface area was 114.58 
m
2
/g. The median particle size of AATP was 13.4 μm. The corresponding specific 
surface area was 120.90 m
2
/g. Finally, the median particle size of TATP was 17.6 μm 
and the specific surface area was 123.15 m
2
/g. 
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Attapulgite is a natural and complex composition, which is mainly composed of 
silicon dioxide (silica). As can be seen in Figs. 2b,c, the diffrac ion peaks of  he 2θ 
concerning the XRD spectrum of materials are concentrated on 10° and 70°. Figure 2a 
shows a strong peak a  2θ = 44.75°, which represents the characteristic peak of 
zero-valent iron (elemental metallic iron) and confirms its existence in the 
TATP-NZVI sample [27,32]. 
Figure 3 shows an image taken by scanning electron microscopy of a 
representative attapulgite sample and the corresponding products created in this study. 
The morphology of attapulgite remained similar after both acid treatment and 
thermally changed treatment (Figs. 3a–c). Bundles of closely packed fibres or mats of 
tightly interwoven fibres can be seen. The NZVI is well-dispersed on the TATP 
surface. Aggregation of the nanoparticles were not noticed (Fig. 3d). Supplementary 
material Figs. S1 and S2 show energy-dispersive X-ray spectroscopy (EDX) mapping 
and images used for element assessment. As shown in Fig. S2, a considerable peak 
can be spotted in the EDX spectrum, confirming the presence of iron. An element 
mapping analysis is shown in Figs. S1b–d. The bright spots further highlight the 
presence of silicon, iron, oxygen and aluminium. Moreover, the iron mapping shape 
indicated that NZVI was uniformly dispersed on the TATP surface. 
 
3.2. Nitrate-nitrogen removal by differently prepared materials 
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3.2.1 Modified attapulgite 
As shown in Fig. 4, the removal efficiency of NO3-N for ATP and AATP were 
about 5.15 and 6.10% after 12 h reaction, respectively. Compared with ATP and AATP, 
TATP exhibited a small but significant enhancement of NO3-N removal, and the 
removal efficiency of NO3-N reached 7.01%, which was consistent with the results of 
the characterisation by the surface area meter. Considering the specific surface area of 
TATP and the adsorption capacity of TATP to NO3-N (Table 1 and Fig. 4), the authors 
chose TATP to support NZVI, instead of ATP or AATP. 
 
3.2.2. Thermally modified attapulgite-supported nanoscale zero-valent iron 
In this study, TATP-NZVI was prepared with good dispersion, and no obvious 
oxidisation was observed in the aqueous solution. However, yellow colour was visible 
in the reaction solution when only NZVI was presented, which indicates that the 
stability of NZVI was low and that it could easily be oxidized to ferric ion, even if a 
low DO concentration in the aqueous solution was reached. 
As shown in Fig. 5, NO3-N removal by TATP-NZVI reached 83.8% with 72.1% 
conversion to NH4-N after 6 h of reaction at an initial NO3-N concentration of 20 
mg/L. For NZVI, the NO3-N removal and NH4-N generation rates were 15.3 and 
14.1%, respectively. Under the same experimental conditions, the NO3-N removal 
efficiency was 7.1%, and no NH4-N and NO2-N conversions were observed when 
only using TATP. Due to good performance in terms of NO3-N removal by 
TATP-NZVI in contrast to NZVI, it has to be stated that the reactivity of NZVI can be 
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considerably enhanced by using TATP-supported NZVI. 
As shown in Fig. 6, during the initial period of the reaction, TATP-NZVI rapidly 
reacted with NO3-N and generated large amounts of hydroxide [33], which resulted in 
a fast increase in the pH. Moreover, precipitation of ferrous hydroxide and ferric 
hydroxide continuously consumed hydroxide, and maintained the pH of the solution 
within a certain range. After 4 h of reaction, the pH in the solution ranged between 9.0 
and 9.5, which is beneficial for the precipitation of ferrous and reduction of secondary 
pollution caused by soluble iron dissolution. Findings were consistent with previously 
reported work [34,35]. 
 
3.3 Factors impacting on nitrate-nitrogen removal 
 
3.3.1 Dissolved oxygen concentrations 
0.3 mg/L and 9.0 mg/L of DO were used to simulate the anaerobic and aerobic 
conditions, respectively. As shown in Fig. 7a, regardless of anaerobic or aerobic 
conditions, NO3-N removal showed similar patterns. In general, much more NO3-N 
was removed under anaerobic (DO of 0.3 mg/L) in contrast to the aerobic (DO of 9.0 
mg/L) conditions. Finally, 83.3 and 58.5% removal of NO3-N were obtained after 6 h 
for the anaerobic and aerobic reaction systems, respectively. Findings indicate that 
TATP-NZVI prefers oxygen as an electron acceptor instead of NO3-N. This resulted in 
iron precipitation on the TATP-NZVI surface, which may hinder further removal of 
NO3-N [36]. 
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Dissolved oxygen impacts on the NO3-N reduction product [37]. As shown in Fig. 
7b, regardless of anaerobic or aerobic conditions, a low rate of NO2-N generation was 
detected with corresponding values of 0.23 and 0.07 mg/L after 6 h of reaction, 
respectively. Observations indicate that most of NO3-N has been converted into 
NH4-N, and little NO2-N has been generated and accumulated in the TATP-NZVI 
reaction process. The possible pathways for this process can be illustrated with 
equations (3) to (5) [33]. 
 
4Fe
0
+NO3
-
+7H2O→NH4
+
+4Fe
2+
+10OH
-
                                           (3) 
 
Fe
0
+NO3
-
+H2O→NO2
-
+ Fe
2+
+2OH
-
                                               (4) 
 
3Fe
0
+ NO2
-
+6H2O→NH4
+
+3Fe
2+
+8OH
-
                                            (5) 
 
Under anaerobic and aerobic conditions, NH4-N reached 12.14 and 8.86 mg/L 
after 6 h of reaction, respectively. This indicates that anaerobic conditions were much 
more favourable in generating NH4-N. During the initial 1.5 h of the reaction stage, 
the generation amount of NH4-N was low under aerobic conditions. A possible reason 
was that TATP-NZVI preferred to consume oxygen to participate in the reactions 
shown in equations (6) and (7) [33]. However, when oxygen was depleted, then 
selected reactions with NO3-N would occur with the pathways highlighted in 
equations (3) to (5). Moreover, total nitrogen(TN) removal after 6 h of response time 
reached 20.2 and 14.1% for anaerobic and aerobic conditions, respectively. 
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2 Fe
0
 + 2H2O + O2→2Fe (OH)2                                               (6) 
 
4Fe (OH)2 + O2 + 2H2O→4Fe (OH)3                                           (7) 
 
3.3.2 Light illumination 
Nitrate-nitrogen removal under light conditions was similar to that under dark 
conditions (Fig. 8a). After 6 h of reaction, NO3-N removal reached up to 81.2 and 
83.1% for dark and light conditions in that order. 
As shown in Fig. 8b, during the whole reaction period, the generation amount of 
NO2-N was slightly higher under dark than under light conditions. The decomposition 
of NO2-N at the presence of light illumination is likely to be responsible for this 
phenomenon [38]. Moreover, inadequate reaction of NO2-N with TATP-NZVI also 
caused a lower conversion rate of NH4-N under light conditions when compared to the 
dark environment. After 6 h of reaction, the generation amount of NH4-N was 12.14 
and 12.06 mg/L for the dark and light environmental conditions, respectively. This 
comparison indirectly confirms that photo-degradation (alteration of material by light) 
of NO2-N was not a major process in the studied reaction system. Finally, TN removal 
after 6 h of response time reached 20.7 and 20.5% for dark and light conditions, 
correspondingly. 
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3.3.3. Water temperature 
The temperature of water was an important factor affecting the chemical reaction 
process. As shown in Fig. 9a, the curves for NO3-N removal at 15℃ and 25℃ 
exhibited similar tendencies. After 6 h of reaction, the removal efficiency of NO3-N 
reached 83.3 and 94.1% for the reactions at 15 and 25℃, respectively. The results 
indicated that the NO3-N removal improved with an increase of water temperature. A 
relatively high temperature can be applied to overcome the energy barrier and 
facilitate the reaction [39]. 
Figure 9b shows that the generation amount of NO2-N appeared to increase first 
and then decreased. After 6 h of reaction, the generation amount of NO2-N was 0.23 
and 0.24 mg/L at 15 and 25℃, respectively. During the whole reaction period, the 
generation amount of NH4-N was slightly lower at 15℃ in contrast to 25℃. This 
indicates that a relatively low water temperature encourages the adsorption of NO3-N 
to TATP-NZVI, but simultaneously reduces the rate of NO3-N reduction. The TN 
removal after 6 h of reaction reached 20.5 and 25.2% at 15 and 25℃, respectively. The 
reduction of TN in the reaction system indicated that some other nitrogen-containing 
intermediate products such as nitric oxide, nitrous oxide and nitrogen gas were 
generated during the redox process. The involved pathways include those highlighted 
in equations (8) to (10) [13,40]. 
 
Fe
0
+2H2O→Fe
2+
+H2+2OH
-
                                                  (8) 
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NO3
-
→NO2
-
→NO→N2O→N2                                                (9) 
 
2NO3
-
+5H2→N2+4H2O+2OH
-
                                               (10) 
 
 
4. Conclusions and recommendations 
 
This study established a method for preparing TATP-NZVI, and assessed the 
stability of TATP-NZVI and its performance concerning NO3-N removal. Meanwhile, 
impacts of environmental factors including DO concentration, water temperature and 
light illumination on NO3-N removal were also evaluated. 
Compared to NZVI particles, TATP-NZVI was stable in an aqueous solution, and 
not easy to be oxidized and aggregated. The NO3-N removal by different prepared 
materials followed the order of TATP-NZVI > NZVI> TATP. When TATP-NZVI was 
presented, most of the NO3-N was converted into NH4-N, and almost no NO2-N 
generation was detected. 
The DO concentration and water temperature both significantly affected NO3-N 
removal. Compared to aerobic conditions, 24.8% higher NO3-N and 6.1% higher total 
nitrogen removal, and 16.4% higher NH4-N generation amount were obtained under 
anaerobic conditions. NO3-N, NH4-N and TN removal efficiencies were 10.8, 7.1 and 
5.0% higher at 25℃ in contrast to that obtained at 15℃. 
The dark and light environmental boundary conditions had no significant (p > 
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0.05) effect on NO3-N removal, as well as on NH4-N and NO2-N generation. Removal 
of NO3-N in groundwater with TATP-NZVI is promising. However, more research 
needs to be undertaken, because the actual removal efficiency of groundwater NO3-N 
may also be affected by factors such as coexisting ions and microorganisms. The 
corresponding mechanisms and processes are partly unknown. 
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Fig. 1. Cumulative particle size distribution of purified attapulgite (ATP) before and after modification. 
AATP, acid modified attapulgite; TATP, thermally modified attapulgite. 
 
Fig. 2. X-ray diffraction patterns of (a) thermally modified attapulgite-supported nanoscale zero-valent 
iron (TATP-NZVI); (b) thermally modified attapulgite (TATP); and (c) purified attapulgite (ATP). 
 
Fig. 3. Scanning electron microscopy images of various materials: (a) purified attapulgite; (b) acid 
modified attapulgite; (c) thermally modified attapulgite; and (d) thermally modified 
attapulgite-supported nanoscale zero-valent iron. 
 
Fig. 4. Nitrate-nitrogen (NO3-N) adsorption to modification attapulgite. Reaction conditions: NO3-N, 
25 mL at 20 mg/L; material, 50 mg; temperature, 25C; reaction time, 12 h. ATP, purified attapulgite; 
AATP, acid modified attapulgite; TATP, thermally modified attapulgite. 
 
Fig. 5. Nitrogen conversion in the reaction system. Reaction conditions: nitrate-nitrogen (NO3-N), 25 
mL at 20 mg/L; material 50 mg; temperature, 15C; reaction, time 6 h. NH4-N, ammonium-nitrogen; 
NO2-N, nitrite-nitrogen. TATP, thermally modified attapulgite; NZVI, nanoscale zerovalent iron; 
TATP-NZVI, thermally modified attapulgite-supported nanoscale zero-valent iron. 
 
Fig. 6. pH values within a thermally modified attapulgite-supported nanoscale zero-valent iron reaction 
system. Reaction conditions: nitrate-nitrogen, 25 mL at 20 mg/L; material, 50 mg; temperature, 15C; 
reaction time, 6 h. 
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Fig. 7. (a) Nitrate-nitrogen (NO3-N) removal; and (b) reduction products under anaerobic and aerobic 
conditions. Reaction conditions: nitrate-nitrogen, 25 mL at 20 mg/L; material, 50 mg; temperature, 
15C; reaction time 6 h. NO2-N, nitrite-nitrogen; NH4-N, ammonium-nitrogen; DO, dissolved oxygen. 
 
Fig. 8. (a) Nitrate-nitrogen (NO3-N) removal; and (b) reduction products under dark and light 
conditions. Reaction conditions: nitrate-nitrogen, 25 mL at 20 mg/L; material, 50 mg; temperature, 
15C; reaction time, 6 h. NO2-N, nitrite-nitrogen; NH4-N, ammonium-nitrogen.  
 
Fig. 9. (a) Nitrate-nitrogen (NO3-N) removal; and (b) reduction products under different temperatures. 
Reaction conditions: nitrate-nitrogen, 25 mL at 20 mg/L; material, 50 mg; temperature, 15C; reaction 
time, 6 h. NO2-N, nitrite-nitrogen; NH4-N, ammonium-nitrogen. 
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Table 1 
Nitrate-nitrogen removal by attapulgite before and after modification. 
Material Median diameter (μm) Brunauer–Emmett–Teller (m2/g) Nitrate-nitrogen removal (%)a 
Purified attapulgite 22.4 114.58 5.51 
Acid modified attapulgite 13.4 120.90 6.10 
Thermally modified attapulgite 17.6 123.15 7.01 
a
Conditions: 25 mL at 20 mg/L; material, 50 mg; temperature, 15℃; reaction time, 12 h. 
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